The minor allele (G) of rs4939827, a SMAD7 (18q21) intronic variant, is associated with a lower risk of developing colorectal cancer (CRC) and poorer survival after diagnosis. Our objective was to evaluate the associations of this variant with different tumor phenotype and intratumoral molecular characteristics. We evaluated 1509 CRC cases and 2307 age-matched controls nested within the Nurses' Health Study and the Health Professionals Follow-up Study. We used the TaqMan assay to genotype rs4939827 and logistic regression to assess the association of rs4939827 with risk of CRC according to different phenotypic and molecular characteristics. We found that the minor allele (G) in rs4939827 (SMAD7, 18q21) was associated with a lower risk of developing tumor stage pT1 or pT2 CRC [multivariate odds ratio (OR), 0.73; 95% confidence interval (CI) 0.62-0.87] but not tumor stage pT3 or pT4 (multivariate OR, 1.07; 95% CI 0.93-1.23, P for heterogeneity = 1.2 × 10 −4 ). The association between rs4939827 and CRC also significantly differed by methylation of RUNX3 (P for heterogeneity = 0.005). Among those with CRC, the minor allele (G) in rs4939827 was significantly associated with poorer overall survival (hazards ratio, 1.20; 95% CI, 1.02-1.42). We can conclude that the minor allele (G) of the germline intronic SMAD7 variant rs4939827 is associated with a lower risk of CRC with earlier tumor stage and CRC without methylation of the tumor suppressor RUNX3. These findings suggest that individuals with this SMAD7 variant that develop CRC are more probably to have tumors with greater invasiveness and methylation of RUNX3, which potentially contributes to their poorer observed survival.
Introduction
Genome-wide association studies (GWAS) have identified 20 colorectal cancer (CRC) susceptibility variants, corresponding to 16 loci (1) (2) (3) (4) (5) (6) (7) (8) . One of the earliest identified and most consistently validated variants, rs4939827 (18q21.1), resides in an intronic region of the gene SMAD family member 7 (SMAD7), which is associated with the TGFB1 (transforming growth factor-β) pathway. The minor allele (G) in rs4939827 is associated with a lower risk of CRC, with the most recent GWAS observing an odds ratio (OR) of 0.88 [95% confidence interval (CI) 0.85-0.93, P-value = 1.1 × 10 −7 ] (9). Recently, in a pooled analysis of five prospective cohorts, we observed that the G allele is also associated with poorer survival [hazards ratio (HR) = 1.16, P-value = 0.02] (10) . Based on these results, we hypothesized that rs4939827 may be differentially associated with CRC subtypes associated with worsened outcomes or are related to the TGFB1 pathway, including methylation of RUNX3. Thus, we examined the association of rs4939827 with CRC risk according to specific clinical or molecular phenotypes within the Nurses' Health Study (NHS) and the Health Professionals Follow-up Study (HPFS), two of the prospective cohorts included in our prior analysis (10) .
Materials and methods

Study population
The NHS was initiated in 1976, when 121 700 female USA registered nurses between the ages of 30 and 55 years returned a mailed health questionnaire. The HPFS was established in 1986 with a parallel cohort of 51 529 USA male dentists, pharmacists, optometrists, osteopath physicians, podiatrists and veterinarians between the ages of 40 and 75 years. In both cohorts, we have subsequently updated information biennially with greater than 90% follow-up. In 1989-90, we collected blood samples from 32 826 participants in the NHS cohort. In 1993-95, we collected blood samples from 18 159 participants in HPFS. The samples were collected in heparinized tubes and sent to us by overnight courier in chilled containers. In 2001-04, 29 684 women in NHS and 13 956 men in HPFS mailed in a 'swish-and-spit' sample of buccal cells. Participants who provided buccal cells had not previously provided a blood specimen. On receipt, blood and buccal cells were centrifuged, aliquoted and stored at −70°C.
In both cohorts, we requested permission to obtain medical records and pathology reports from participants who reported CRC on our biennial questionnaires. We identified fatal cases from the National Death Index and from next-of-kin (11) . Study physicians blinded to exposure data reviewed all medical records to confirm cases of CRC. As described previously, we randomly selected between one and three controls within the same cohort from participants who were free of CRC at the same time the CRC was diagnosed in the cases (12) . We matched controls with blood specimens (1013 in NHS and 673 in HPFS) to cases with blood specimens (483 in NHS and 372 in HPFS); similarly, controls with buccal specimens (423 in NHS and 198 in HPFS) were separately matched to cases with buccal specimens (439 in NHS and 215 in HPFS). Controls were matched to each case on ethnicity, year of birth and month/year of blood or buccal sampling (12) . In total, 1509 (922 in the NHS and 587 in the HPFS) cases and 2307 (1436 in the NHS and 871 in the HPFS) controls were included in our analysis. The institutional review boards at Brigham and Women's Hospital and the Harvard School of Public Health approved this study.
Genotyping
The SNP rs4939827 was genotyped by the 5′ nuclease assay (TaqMan®), using the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). TaqMan® primers and probes were designed using the Primer Express® Oligo Design software v2.0 (ABI PRISM). Laboratory personnel were blinded to case-control status, and 10% blinded quality control samples (duplicated samples) were inserted to validate genotyping procedures; concordance for the blinded quality control samples was 100%. Primers, probes and conditions for genotyping are available upon request. We successfully genotyped rs4939827 in 98% of samples in NHS and 99.6% of samples in HPFS. We confirmed that rs4939827 was in Hardy-Weinberg Equilibrium among the controls (χ2 P-values = 0.93 for NHS and 0.85 for HPFS).
Pathological assessment of molecular characteristics
Beginning in 1997 in the HPFS and 2001 in the NHS, we began retrieving, from the pathology departments of treating hospitals, available pathological specimens from participants whom we confirmed had received a diagnosis of CRC up to 2006 (13) . Among the 1509 cases with blood or buccal samples in this study, we were able to successfully obtain tissue suitable for molecular analyses in 658 cases. Real-time PCR (MethyLight) was used for quantitative DNA methylation to determine CpG island methylator phenotype (CIMP) status using DNA extracted from paraffin-embedded tissue. We quantified DNA methylation in eight CIMP-specific promoters (including RUNX3) as detailed elsewhere (14) . CIMP-high was defined as >6 of 8 methylated markers using the eight-marker CIMP panel, and CIMP-low/0 was defined as 0 of 8 to 5 of 8 methylated markers, according to the previously established criteria (15) . Microsatellite instability (MSI) analysis was performed using 10 microsatellite markers (D2S123, D5S346, D17S250, BAT25, BAT26, BAT40, D18S55, D18S56, D18S67 and D18S487). MSI-high was defined as the presence of instability in >30% of the markers, and MSI-low/microsatellite stable (MSS) as instability in 0-29% of markers (15) . Long interspersed nucleotide element-1 (LINE-1) methylation level was assessed by pyrosequencing using the PyroMark kit and the PSQ HS 96 System (Qiagen, Valencia, CA). The average of the relative amounts of C in the four CpG sites evaluated was used as overall LINE-1 methylation level in a given sample (16) . We performed PCR and pyrosequencing targeted for KRAS (codons 12 and 13), BRAF (codon 600) and PIK3CA (exons 9 and 20 (15, 17, 18) ). TP53 expression was assessed by immunohistochemistry as detailed elsewhere (19) .
Statistical analysis
We used logistic regression to estimate OR and corresponding 95% CIs for the association of variant rs4939827 with CRC among subgroups defined by tumor phenotype (T3-4 and T1-2; N1-2 and N0; M1 and M0; poorly differentiation and moderately well differentiation; rectum and colon location and age of diagnosis <60 and >60 years) and by molecular characteristics [RUNX3 promoter methylation and absence of methylation; KRAS mutant and wild type (WT); BRAF mutant and wild type; PIK3CA mutant and wild type; LINE-1 methylation-low and methylation-high; MSI-H and MSI-L/MSS]. We obtained similar results using unconditional or conditional logistic regression adjusting for matching factors (data not shown). Thus, we present unconditional regression models adjusting for matching factors and other known or suspected risk factors. The Cochran's chi-square-based Q statistic test was used to assess the extent of heterogeneity across the two studies. Because there was little evidence for heterogeneity for the association of the SNP rs4939827 with CRC risk between women and men (P for heterogeneity = 0.32), we pooled data from the two studies.
We modeled each SNP using a log-additive approach, relating genotype dose (i.e. number of copies of the minor allele) to risk of CRC. We adjusted all analyses for age at sample collection, race, gender, regular aspirin use (yes or no), regular non-steroidal anti-inflammatory drugs (NSAIDs) use (yes or no), body mass index (BMI; in tertiles), physical activity (in tertiles), history of CRC in a parent or sibling (yes or no), smoking status (never, former or current smoker), alcohol consumption (0-4.9, 5-9.9, 10-14.9 or ≥ 15.0 g per day), consumption of beef, pork or lamb as a main dish (0-3 times per month, once a week, 2-4 times per week or ≥5 times per week), energy-adjusted calcium and folate intake (in tertiles) and type of sample (blood versus cheek). To assess heterogeneity in the association between rs4939827 and tumors according to clinical phenotype or molecular characteristics, we used a case-case design using logistic regression model comparing tumor subtypes (20) .
We performed mediation analyses as described in (21, 22) . In brief, this approach decomposes the total effect of the exposure (rs4939827) on the outcome (T3-T4 (21). We computed additive interaction in the form of relative excess risk due to interaction (RERI) using the delta method (23) and multiplicative interaction by entering a product term in the model and assessing its significance by the Wald method.
For analyses of rs4929827 in relation to survival, we confined the cohort to the 646 incident cases of CRC diagnosed after collection of blood or buccal cells. We calculated the time from CRC diagnosis to death from CRC, death from any cause or the end of follow-up (1 June 2010), whichever came first. For CRC-specific survival, deaths from other causes were censored at the time of death. We used Cox proportional hazards regression to calculate HRs and 95% CI for the association between the SNP and survival, adjusting for age, race, sex (cohort), tumor stage, grade of differentiation, regular aspirin use, smoking status at diagnosis, alcohol consumption, consumption of beef, pork or lamb as a main dish and energy-adjusted calcium and folate intake as described above. The proportional hazards assumption was verified by plotting the cumulative martingale residuals and assessing for significance. We corrected for multiple comparisons with several tumor subtypes using the Benjamini and Hochberg (BH) false discovery rate adjustment (24) . We corrected for the 14 assessed interactions; the values of the corrected P-values, when significant, are presented as footnotes in the tables. SAS V9.2 (SAS Institute, Cary, NC) was used for the analysis. The BMI is the weight in kilograms divided by the square of the height in meters.
e Metabolic Equivalent of Task (MET) denotes metabolic equivalent. Met (h) = sum of the average time/week in each activity × MET value of each activity. One MET, the energy spent sitting quietly, is equal to 3.5 ml of oxygen uptake per kilograms of body weight per minute for a 70 kg adult.
f Nutrient values (calcium and folate) represent the mean of energy-adjusted intakes.
SMAD7 variant and colon cancer phenotype Results
Among our total study population of 1509 CRC cases and 2307 controls, the minor allele (G) frequency for rs4939827 was 48.6%, consistent with the HapMap CEU population. The baseline characteristics of the cases and controls are presented in Table I . Compared with controls, CRC cases in both women and men were less probably to have regularly used aspirin or NSAIDs, have a family history of CRC, were more probably to smoke, consumed higher amounts of alcohol and had lower intakes of calcium and folate. Among men, cases had a higher BMI and were less physically active. Among women, cases were less probably to have used postmenopausal hormones. Although the minor allele (G) of rs4939827 was not significantly associated with CRC in our total population, the trend was in the direction previously reported (multivariate OR, 0.93; 95% CI 0.84-1.04, P = 0.22). We confirmed our prior findings relating rs4939827 with survival among cases of CRC (10) . Among the 646 cases of CRC diagnosed after blood or buccal cell collection, we observed that the minor allele of rs4939827 was significantly associated with poorer overall survival (multivariate HR, 1.20; 95% CI 1.02-1.42, P = 0.031) and a trend toward poorer CRC-specific survival (HR = 1.20, 95% CI 0.98-1.47, P = 0.08).
To determine if the survival difference we observed according to the G allele was related to a differential association with tumor phenotypes, we examined the influence of rs4939827 on CRC susceptibility according to traditional clinicopathological features in our total study population. The association of the G allele of rs4929827 with CRC risk appeared to differ according to pT stage or the depth of invasion of the tumor (P for heterogeneity = 1.0 × 10 −4 ). The G allele of rs4929827 was inversely associated with a risk of tumors staged as pT1 or pT2 (multivariate OR, 0.73; 95% CI 0.62-0.87, P-value = 2.8 × 10 −4 ). In contrast, there was no association between rs4939827 and tumors staged as pT3 or pT4 (multivariate OR, 1.07; 95% CI 0.93-1.23, P-value = 0.38). Hence, the prevalence of tumors (Table II) . We also examined rs4939827 genotype according to molecular subtypes among 658 cases for whom we had available tumor tissue data. Because rs4939827 is located in an intronic region of SMAD7, which modulates TGFB1 signaling, we evaluated rs4939827 according to promoter methylation of the RUNX3 gene, which is related to the TGFB1 pathway. The G allele of rs4939827 was associated with a lower CRC risk in tumors without methylation of RUNX3 (multivariate OR, 0.84; 95% CI 0.71-0.99, P = 0.035). In contrast, there was a suggestive, although not statistically significant, increased risk of tumors with methylation of RUNX3 associated with the minor allele of rs4939827 (multivariate OR, 1.27; 95% CI 0.94-1.74, P = 0.12) ( Table III) . The difference between rs4939827 and risk of tumors with methylation of RUNX3 compared with tumors without methylation of RUNX3 was statistically significant after adjustment for multiple comparisons (P for heterogeneity = 0.0053, BH-corrected P-value = 0.037). The risk of CRC associated with rs4939827 also appeared to be modified by BRAF mutational status. However, the P for heterogeneity was 0.021, non-significant after adjustment for multiple comparisons (BH-corrected P-value = 0.10). The association between the rs4939827 SNP and CRC did not significantly differ according to any of the other markers examined, including CIMP status, LINE-1 methylation, KRAS mutation, PIK3CA mutation, MSI status and TP53 mutation.
RUNX3 methylation was associated with a higher risk of pT3 and pT4 tumors (multivariate OR, 2.12; 95% CI 1.18-3.80, P = 0.012) even after adjusting for rs4939827. The multivariate ORs estimating the indirect effect of rs4939827 on risk of pT3 and pT4 tumors was 1.05 (95% CI 0.96-1.15, P = 0.32) for one variant allele and 1.50 (95% CI 0.44-5.10, P = 0.51) for two variant alleles (Table IV) . Given the width of the CIs, we cannot exclude a possible indirect effect of rs4939827 through RUNX3 methylation on pT stage. The multivariate ORs that estimate the direct effect of rs4939827 were 1.96 (95% CI 1.18-3.25, P-value = 0.009) for one variant allele and 4.46 (95% CI 1.19-16.6, P-value = 0.038) for two variant alleles. There was no evidence of interaction between the SMAD7 variant rs4939827 and RUNX3 methylation in either the additive scale (RERI = 0.48; 95% CI −1.42 to 2.37, P-value = 0.62) or multiplicative scale (OR, 0.93; 95% CI 0.39-2.19, P-value = 0.87).
Discussion
In this large study of 1509 cases of CRC and 2307 controls nested in two prospective cohorts, the CRC-susceptibility locus SMAD7 intronic rs4939827 was associated with a lower risk of CRCs with pT1 and pT2 stage but not pT3 and pT4 stage. Hence, among individuals diagnosed with CRC, those with at least one G allele had 1.5-fold higher odds of having a pT3 or pT4 tumor compared with a pT1 or pT2 tumor. This finding may explain in part observed associations of the G allele of rs4939827 with lower overall risk of incident CRC (9), but worsened survival after diagnosis (10, 25) .
This study represents a strategy of investigations, which has been recently termed 'molecular pathological epidemiology' (MPE) (20, 26) . MPE is conceptually based on inherent heterogeneity of a disease, which is typically regarded as a single entity in traditional epidemiology studies, including GWAS (20, 26) . MPE can decipher how risk factors are associated with specific alterations in molecular pathways in cancer. Moreover, the MPE design can be used to help shed insight into the function of susceptibility variants identified by GWAS based upon their association with specific molecular subtypes of CRC (20) .
The seemingly contrary associations of this SNP in SMAD7 with decreased risk of incident disease but poorer outcomes in patients with established disease may be due to SMAD7's known involvement in modulating the TGFB1 pathway. In normal epithelium, TGFB1 functions as a tumor suppressor through induction of cell arrest and inhibition of cell proliferation. However, once cells are resistant to TGFB1-mediated proliferative inhibition (i.e. in established tumors), TGFB1 appears to promote metastasis by enhancing angiogenesis and extracellular matrix disruption and inhibiting infiltrating tumor immune cells. A role for rs4939827 in the TGFB1 pathway is further supported by our findings of significant association of rs4939827 with RUNX3 methylation status in the tumors. RUNX3 is a Runt domain transcription factor 3 involved in TGFB1 signaling by interaction with SMAD transcription factors and is considered a suppressor of solid tumors. The RUNX3 promoter is commonly aberrantly methylated in a CpG island in CRC (27) (28) (29) , leading to gene inactivation.
Differential methylation of RUNX3 according to rs498327 could plausibly explain the worsened survival among individuals with CRC who have a variant G allele (30) . In addition to TGFB1, RUNX3 is involved in WNT regulation by forming a ternary complex with TCF4 and CTNNB1 (β-catenin) (31) . Both TGFB1 and WNT signaling are involved in the induction of epithelial-mesenchymal transition, a process that mediates invasion and metastasis in CRC. However, our mediation analysis does not suggest that the association between rs4939827 on risk of CRC according to pT stage is primarily related to RUNX3. Nonetheless, the mediation analysis should be interpreted in the context of some limitations (22) , including the assumption of a lack of other, strong unmeasured confounders.
Previous studies of CRC-susceptibility variants and tumor phenotype have observed only a few significant differential associations between rs4939827 and CRC according to other clinical phenotype or molecular features. A case-only analysis of 1531 cases did not find any association between this variant and pT3-4 compared with pT1-2-staged tumors (P = 0.94) (32) . In a study of 1096 patients from the Epicolon I cohort (33), the G allele of rs4939827 was significantly associated with well-differentiated tumors under a log-additive model (HR, 0.67; P-value = 0.027). However, this association was not replicated in a validation cohort, EPICOLON II (34) . Neither of these two studies found any association between rs4939827 and other tumor features, including grade of differentiation, stage or tumor site. On the other hand, two studies have observed that the G allele of rs4939827 increased the risk of harboring a rectal tumor as compared with colon tumors (35, 36) .
We also examined several other molecular markers other than RUNX3 and did not observe strong differences in the association with rs4939827. Our findings are consistent with Slattery et al., who did not observe significant heterogeneity in associations of rs4939827 with CIMP status, MSI, KRAS or p53 mutational status (36) . Nonetheless, in our study, it is notable that BRAF-status did appear to be differentially associated with rs4939827, despite the lack of a significant P for heterogeneity after correction for multiple comparisons. An interplay between TGFB1 and BRAF mutations is biologically plausible (37) , and BRAF mutations are strongly associated with CRC prognosis. Thus, given the low frequency of BRAF mutations in CRC, it is possible that statistically significant heterogeneity may be evident with a larger sample size.
Our study has several strengths. First, we used prospectively collected, biennially updated, detailed data on CRC risk factors over long-term follow-up. This permitted us to account for the main potential confounders of our associations. Second, our case-control study was nested within two large well-characterized cohorts within which matched controls were selected from the same cohort from which the case developed, minimizing the likelihood of population stratification or selection bias. Third, our findings were consistent between two independent cohorts. Moreover, we have previously demonstrated a consistent association between rs498327 and CRC and overall survival that has been validated by results in other populations (10) . Last, among a large number of participants, we had germline DNA as well as available tumor tissue to examine the expression of molecular SMAD7 variant and colon cancer phenotype markers, including RUNX3, which is directly relevant to the TGFB1 pathway. This permitted us to examine rs4939827 in relation to tumor subtypes with greater mechanistic specificity.
We acknowledge the limitations to our study. First, we did not have tumor specimens available for analysis for all of our cases. However, the risk factors in cases with available tumor tissue did not appreciably differ from those in cases without tumor tissue (38) . Second, although we did correct for multiple comparisons in our primary analyses, we cannot rule out the possibility that the associations we observed with rs4939827 and tumor subtypes represent false-positive findings. However, the biological plausibility of our findings and the consistent association of this allele with CRC survival increase the likelihood that our observed associations are true. Third, we did include some cases of CRC in which participants provided DNA samples after diagnosis. However, for analyses of survival, we restricted our cohort to incident cases diagnosed after DNA was collected to minimize any effect of survival bias. In summary, individuals with the rs4939827 CRC-susceptibility locus diagnosed with CRC tend to develop tumors with greater invasiveness (pT stage). Moreover, we also observed a differential association of rs4939827 with RUNX3 methylation status, supporting an effect of rs4939827 or causal variants tagged by this SNP on carcinogenesis mediated through the TGFB1 pathway. These findings support present understanding of the dual function of TGFB1/SMAD7 pathways in inhibiting early tumorigenesis yet facilitating metastasis. Taken together, these results could explain, at least in part, the lower risk of CRC associated with the G allele of rs4939827 yet poorer survival (10) .
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